Abstract. The preparation of calcium-deficient hydroxyapatite (CDHAp) beads via immobilization in Ca-alginate hydrogel was studied in current research. CDHAp beads of different shapes were prepared by dropwise adding of aqueous CDHAp/Na-alginate suspension to an aqueous and ethanolic Ca(NO 3 ) 2 solutions. The alginate cross-linking rate was modeled via gelling boundary migration experiment. Prepared beads were washed with deionized water and dried. The beads had lost up to 30% of the diameter comparing to the original after drying (24 h, 60 o C).
Introduction
Natural gel-forming polymers represent an important class of biomaterials for immobilization applications due to their biocompability, renewability and non-toxicity. Among this class of polymers, alginate is the most studied compound, because of its ability to undergo ionotropic gelation at room temperature with bivalent ions, such as Ca 2+ , Sr 2+ and Ba 2+ , therefore allowing encapsulation to be performed under mild conditions [1] . Alginate is a collective term for a family of copolymers containing 1,4-linked β-D-mannuronic and α-L-guluronic acid residues in varying proportions and sequential arrangements [2] . The gel-forming properties are strongly correlated with the proportion and length of the blocks of contiguous L-guluronic acid residues (G-blocks) in the polymeric chains [2] . At sufficient concentration of bivalent ions, alginate very rapidly forms hydrogel (i.e. "egg-box" model [3] ), even in the presence of high concentrations of suspended solid (e.g., up to 25% w/w). Alginate has been used for immobilization of various substances such as enzymes, food ingredients, proteins, drugs and inorganic materials with diverse applications, including controlled drug delivery, adsorption of pollutants, stabilization of food ingredients etc. Academic interest is the main motivator of studying such systems, while also industrial companies are offering encapsulation solutions.
There are several methods to produce various size of alginate hydrogel particles available, but generally these consist of two processing steps i.e., dispersion of the alginate sol with a substance to be entrapped, followed by gelation of the sol with bivalent cations, most commonly Ca 2+ . Current research project is focused on immobilization of CDHAp nanoparticles into Ca-alginate hydrogel and investigation of influence of concentration of calcium and alginate ions on bead formation process.
received without further purification. Leica microscope and image processing software Image-Pro Plus 6.0 was used for measurements and analysis of the products obtained.
Preparation of CDHAp/Na-alginate suspensions. CDHAp/Na-alginate suspensions with three different percental w/w concentrations 15/1.5, 7.5/0.75 and 5.0/0.50 were prepared respectively, according to a method described by Fu et al [5] . Briefly: 1 mmol of sodium stearate surfactant was dissolved in 113 g of deionized water at 60 o C with stirring followed by gradual addition of 3.84 g of Na-alginate to obtain 3.3% w/w Na-alginate solution. The solution was stirred until Na-alginate fully dissolved. The final weight of the solution was adjusted with deionized water to 117 g. CDHAp nanoparticle suspension (188 g, CDHAp solids 23.9%) was added to the warm (50 o C) 3.3% w/w Naalginate solution. The mixture was blended to a smooth consistency and poured through a sieve (mesh #35, 500 microns) in order to obtain agglomerate free suspension with 15% dispersed CDHAp solids in 1.5% Na-alginate solution (i.e., 15/1.5%). The subsequent dilutions that occurred in the mixture were taken into account. The pH of this solution was adjusted to 7.40, using small amount of 5 M NaOH. The suspension was further diluted with deionized water in 1:1 and 1:2 ratios to obtain the following compositions:
• A (15% w/w CDHAp, 1.5% w/w Na-alginate);
• B (7.5% w/w CDHAp, 0.75% w/w Na-alginate);
• C (5.0% w/w CDHAp, 0.50% w/w Na-alginate). (aq) and each solution was used to crosslink the alginate containing suspensions A, B and C (Fig. 2) . CDHAp/Na-alginate suspensions were constantly agitated before addition to Ca 2+ solutions to avoid any sedimentation of inorganic particles. Suspensions A, B and C were added dropwise to Ca 2+ (aq) solution, using a syringe and a needle (18 G, 1.2 mm, blunt needle tip), where the tip of the needle was positioned at the height of 5 cm from the surface of crosslinking solution. During the process, the CDHAp beads with the average diameter of 3.5 mm were formed. The same procedure was repeated with Ca 2+ (EtOH) solution. In order to ensure that all beads are formed over the same period of time, the time between consecutive drops was maintained at a rate < 1% of the residence time of the beads in the Ca 2+ solution [6] . Determination of the gelling boundary migration rate. An experiment was set up to determine the gel layer formation rate, which is affiliated to Ca 2+ diffusion speed through the formed Na-alginate hydrogel network. The experiment was performed inside a glass tube that was proposed as model of a circular bead wall segment. Suspension A was infused in glass tube with a diameter of 4 mm to a height of 8±0.5 cm and then immersed into a red dyed 0.5 M Ca(NO 3 ) 2(aq) solution that the tip of the tube was 5 mm below the level of the cross-linking solution (Fig. 1a) .
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Results and Discussion
CDHAp/Na-alginate suspensions and concentrations of Ca 2+ were prepared with an aim to demonstrate the concentration ranges where the most noticeable changes to the shape occurred. 5 cm dropping height was chosen to minimize the deformities of the beads caused by dropping impact. Solvents were chosen such that both can dissolve calcium nitrate tetra-hydrate readily and have different viscosities and surface tensions. Once the CDHAp/Na-alginate solution was added to the Ca 2+ solution, a capsular membrane was formed instantaneously around each bead due to the cross-linking of the alginate molecules with Ca 2+ cations. The beads were held in Ca 2+ solutions at least 15 minutes before measurements were carried out. Solidification of the beads was modeled via proposed diffusion of Ca 2+ through the alginate network (Fig. 1b) . A power function (Eq. 1) was obtained which described a hypothetic bead wall thickness (hydrogel length) as a function of CDHAp/Na-alginate contact time with Ca 2+ solution, where x -time (min) and f(x) -hydrogel length (mm). In order to simplify the process 0.5 M [Ca 2+ ] (aq) and suspension A was chosen as starting materials.
f(x) = 1.144x 0.447 .
The power value of 0.447 (less than one) indicates that Ca 2+ diffusion and the consequent polymerization of alginate slows down with time due to difficulties for Ca 2+ ions to diffuse through the alginate network, as the bead wall becomes thicker. The time for an average bead with diameter 3 mm to fully cross-link (according to model) was determined to be around 66 seconds, taking into account that solidification starts at the surface on a bead and stops in the center (i.e., f(x) = 1.5 mm).
Bead formation in aqueous and ethanolic media. Bead formation and their shapes were analyzed and outcome arranged in the Fig. 2 . Nearly spherical beads (aspect ratio 1.1:1) formed when the concentration of both CDHAp/Na-alginate (i.e., [Alg, % -]) and [Ca 2+ ] were the highest respectively at A3, A4 and A5 (aq) . When [Ca 2+ ] concentration decreased, the bead shape rigidity decreased accordingly. At A2 (aq) and C2 (aq) the bead wall rupture occurred most likely due to insufficient Ca 2+ ion concentration in the crosslinking media. At the event of bead wall rupture, the still non-polymerized inner content of CDHAp/Na-alginate suspension escaped and rapidly polymerized on contact with Ca 2+ ions. At B5 (aq) , a well-defined "tail" appeared upon suspension contact with Ca 2+ (aq) solution. The "tail" effect was previously described in the work of Bhujbal et al [7] and could be explained by changes in viscosity of alginate solution. This behavior was also observed in C3, C4 and C5 (aq) but in this case the drop like shape is even more distinct. Notice that the look-alike "tails" in A2 (aq) and C2 (aq) did not form in the same way as in B5 (aq) but after some delay. At B2, B3 and B4 (aq) the bead shapes had higher shape aspect ratio, while at {A1, B1, C1} (aq) beads did not form at all, most likely because of insufficient concentrations of reactants. In ethanolic media a different bead shape formation behavior was observed. Firstly, the aspect ratios of all of the formed beads were larger than one (Fig. 3) . This behavior can be explained by lower density of ethanol that allowed the beads to flatten and also due to concentration gradient that resulted in loss of water from inside of the beads. The "tail" effect was almost unnoticeable most likely due to lower viscosity of ethanol comparing to water. 
Conclusions
The beads with highest sphericity were obtained with composition A and [Ca 2+ ] (aq) = 0.050 to 0.5 M. The beads that formed in ethanolic solutions adopted mainly ellipsoid shapes. Alginate gelation (boundary migration) is proportional to a constant power of contact time with Ca 2+ solution. Major factors affecting CDHAp/Ca-alginate bead shape were: the concentration of Na-alginate, the concentration of Ca 2+ and a choice of a solvent. The concentration of CDHAp appeared to have no influence on the shape of the freshly formed CDHAp/Ca-alginate hydrogel beads. Further studies should be concluded to determine which shapes are most suited for use in biomaterials.
